ABSTRACT Facing the challenges of spectrum shortage and complex depolarization effects in wireless communication, a multilevel continuous polarization modulation (MCPoM) scheme is investigated to achieve high spectral efficiency and improve the symbol error rate performance in the practical depolarization channels. The principle of the MCPoM modulation is stated in details on the basis of the MCPoM system model. Then a noncoherent and a coherent MCPoM demodulation methods are proposed as the differential demodulation and the suboptimum sequence detection based demodulation, respectively. Furthermore, considering the depolarization effect of polarization-dependent loss in the practical wireless channels, MCPoM is evaluated with two influences of power attenuation and polarization difference distortion. After that, we propose a polarization pre-compensation algorithm for MCPoM to mitigate the influences of polarization-dependent loss. The performances of the proposed scheme are evaluated with symbol error rate and spectral efficiency. Simulations results demonstrate that higher spectral efficiency and enhanced symbol error rate of the proposed MCPoM scheme are guaranteed in the depolarization channels.
I. INTRODUCTION
Polarization modulation has a wide application prospect in wireless communication by exploiting the additional radio resource domain of polarization besides time, frequency, space, and so on [1] , [2] . Moreover, polarization modulation has unique and valuable features that it is insensitive to the nonlinearity of power amplifier and phase noise caused generally by the local oscillator, which respectively have promising enhancement in energy efficiency and channel capacity [3] , [4] . Therefore, polarization modulation uses the polarization of carrier signal as the parameters bearing information is attracting more and more attention.
Research of polarization modulation starts from optical communication. A rigorous analysis of binary polarization shift keying (POLSK) modulation is presented in [5] , where two orthogonal polarizations are switched abruptly to represent different bits. Multilevel POLSK is analyzed and the receiver design is also focused on [1] . To deal with the bandwidth widening problem caused by the abrupt switching of the polarizations in POLSK, a binary continuous polarization modulation is proposed with continuity waveforms to reduce the bandwidth [6] , where the simulations verify that the spectral efficiency is improved. Recently, polarization modulation has also been widely investigated in wireless communication [2] . Combined with traditional amplitude and phase modulations, polarization modulation is used to improve the power amplifier energy efficiency by working normally without distortion even in the nonlinear region [7] . Furthermore, an adaptive polarization-QAM modulation scheme is proposed to resist the influence of polarization-dependent loss (PDL), which is one of the depolarization effects existed in the wireless channels [3] .
Polarization modulation exploits the radio resource with an additional degree of freedom, although it still faces some application challenges in wireless communication.
• The first challenge is that the radio resource is usually limited and insufficient in wireless communication.
Hence, the spectral efficiency becomes a crucial performance parameter when taking advantage of polarization modulation [2] . The traditional POLSK schemes generally make use of the orthogonal polarizations with abrupt switching, which implies discontinuity of the signal waveforms and brings large spectral side lobes outside of the main spectral band of the signal [6] .
Then the abrupt switching leads to poor spectral efficiency consequently. Therefore, multilevel polarization modulation with continuous signal waveforms and high spectral efficiency needs to be studied and extended from the binary scheme in [6] .
• The second challenge is the complex depolarization effects introduced by the open wireless channels, which is different from the traditional wired and closed propagation channels in optical communication [8] , [9] . For example, there are some serious depolarization effects such as polarization mode dispersion (PMD) and PDL, which respectively show the dispersion of the polarizations with frequency and power coupling behavior with the polarizations [2] . They will lead to the fluctuation of the received signal to noise ratio (SNR) apparently and influence the polarization of transmitted signal seriously [10] . The researchers have found that when PDL acts on POLSK in the single-carrier scenario, the polarization will be rotated, diffused, or even reversed when arrives the receiver [5] , [7] . Hence the constellation structure of POLSK will be distorted and eventually lead to performance deterioration of POLSK. How to mitigate the influences of the depolarization effects in the wireless channels is an important issue bo be solved. Facing the above challenges, to improve the spectral efficiency of polarization modulation for the first challenge in wireless communication, we propose a novel scheme called multilevel continuous polarization modulation (MCPoM) in our previous work [11] . This scheme aims to produce continuous signal waveforms with the continuous polarizations in a narrower bandwidth, instead of discontinued signal waveforms with the abrupt switching polarizations in traditional POLSK in a widened bandwidth resulted in reduced spectral efficiency. The continuous polarizations are implemented by deploying the two parameters of the polarization, amplitude descriptor and phase difference. We evaluate the scheme with spectral efficiency and symbol error rate (SER) of the receiving signal in the additive white Gaussian noise (AWGN) channels. For the further study based on our previous work, the complex depolarization effects should be considered to improve the MCPoM performance in the practical wireless channels for the second challenge.
In this paper, we further investigate the MCPoM scheme with high spectral efficiency considering PDL in the depolarization channels. A MCPoM system model using the continuous polarizations of a carrier signal as the information bearer is constructed first. Then we study the principles of the MCPoM modulation and demodulation in the AWGN channels. Furthermore, we study the MCPoM performance in the practical depolarization channels with PDL, and then propose a polarization pre-compensation algorithm for MCPoM to mitigate the influence of PDL. The performance analysis of SER and spectral efficiency is given with the proposed polarization pre-compensation algorithm. In the simulations, the enhanced SER performance with the proposed polarization pre-compensation algorithm and higher spectral efficiency in the depolarization channels with PDL are shown. The main contributions of this paper compared to our previous work in [11] is briefly summarized as follows.
1) For the MCPoM demodulation in the AWGN channels, here we propose a novel suboptimum sequence detection based demodulation method to recover the receiving symbols. This method is a coherent demodulation method on the basis of maximum likelihood sequence estimation to exploit the coherence of the polarizations in each symbol transmission interval. It can further reduce the probability of erroneous decisions comparing with the differential demodulation method in [11] . Besides, the differential demodulation is given with more detailed implementation steps here rather than the basic idea description in [11] . 2) We here further study the MCPoM performance in the practical depolarization channels with PDL. We consider the dual-polarized channel matrix in the system model first, and then analyze the influence of PDL on MCPoM detailedly with power attenuation and polarization difference distortion. Moreover, to resist the influence of PDL on MCPoM we propose a polarization pre-compensation algorithm. 3) We compare the SER performance of MCPoM affected by the practical depolarization channels with PDL through both theoretical analysis and simulations. Two proposed demodulation methods, the differential demodulation and the suboptimum sequence detection based demodulation, are discussed. Moreover, we compare the SER performance of the two proposed demodulation methods with the traditional POLSK modulation in three scenarios, first the AWGN channels, second the depolarization channels with PDL, and third with our proposed polarization pre-compensation algorithm. The rest of this paper is as follows. In section II, the system model based on MCPoM is presented. In section III, the more detailed modulation and demodulation principles of MCPoM in the AWGN channels are studied. In section IV, the influence of PDL on the performance of MCPoM is analyzed first, then the polarization pre-compensation algorithm against PDL for MCPoM is proposed. In section V, we analyze the SER performance and spectral efficiency of MCPoM with under the influence of PDL in theory. Simulations about the performance of MCPoM before and after the polarization percompensation algorithm under the PDL effect are given in section VI. Finally, conclusions are captured in section VII.
II. SYSTEM MODEL
A MCPoM system using the continuous polarizations of a carrier signal as the information bearer is constructed in Fig. 1 . In this system, the MCPoM modulator and demodulator are composed of continuous polarization mapper and inverse mapper, and amplitude and phase weighting operators, respectively. The amplitude and phase weighting operators in the modulator will control the polariza- tion of the transmitted signal according to the MCPoM mapping principle, while they identify the polarization of the receiving MCPoM signal in the demodulator to recover the carried information. Each pair of the parallel arrows denotes two orthogonal polarization components of a signal, which will be described in the following. Co-located dualpolarized antennas are implemented to transmit and receive the two orthogonal polarization components. In the following, the transmitting and receiving MCPoM signals in the MCPoM system will be respectively represented by the polarizations, and the dual-polarized channel matrix will be given.
In the MCPoM modulator, the encoded transmitting sequence of uncorrelated M -ary symbols denoted as {α n } N −1 n=0 are mapped to the continuous polarizations denoted as P(t), where α n ∈ {±1, ±3 . . . , ±(M − 1)} is the nth symbol with 0 ≤ n ≤ N − 1, N represents the length of the sequence, t ∈ [nT s , (n + 1) T s ), and T s is the symbol transmission interval. The mapping rule will be designed in section III. Next we will give the definition and implementation of the continuous polarizations.
The polarization P(t) of the carrier signal can be expressed in a right-handed cartesian coordinate system using the electric vector, which is generally considered as a plane electromagnetic wave [12] . Assume that the carrier signal E(t) travels in the +z direction, and it can be resolved in terms of two horizontally H and vertically V orthogonal components when z = 0 for simplicity. Hence, the vectorial expression of the carrier signal is denoted as [13] 
where E H (t) and E V (t) represent the two orthogonal components of the carrier signal, of which the amplitudes are |E H (t)| and |E V (t)| and the phases are φ E H (t) and φ E V (t), respectively. ω c is the angular frequency of the carrier.
Then the polarization P(t) of the carrier signal is defined specifically by Jones vector with E H (t) and E V (t) as
where γ (t) ∈ [0, π/2) and φ(t) ∈ [0, 2π) represent the amplitude descriptor and the phase difference of the electric vector of the carrier signal, respectively.Then we can express the carrier signal by the polarization as
where A = |E H (t)| 2 + |E V (t)| 2 is the intensity of the carrier signal. Note that the polarization is independent to frequency and essentially equivalent to the normalized carrier signal discarding the absolute phase φ E H (t), which indicates the vectorial property of the carrier signal [13] . It should be also noted that the polarization is continuous when both γ (t) and φ(t) are continuously changed as time, which leads to three ways to obtain the continuous polarizations. The first way is to set φ(t) constant, the continuous change of γ (t) will result in the continuous polarization. The second way is to set γ (t) constant and change φ(t) continuously. The third is to change both γ (t) and φ(t) continuously. For simplicity, we investigate the change of one parameter in the first or second way and it can be then extended to the change of two parameters in the third way. Moreover, the first way has larger Euclidean distance with better performance than the second one. Therefore, here the proposed MCPoM uses the first way to produce continuous polarizations. Otherwise, the polarization is discontinuous. For example, the polarization is orthogonally and discontinuously switched in the traditional binary polarization modulation [6] .
Hence, the continuous polarization P(t) after mapping can be implemented by the amplitude and phase weighting operators, which can digitally control the amplitudes and the phases of the two orthogonal components of the carrier signal to obtain continuous γ (t) and φ(t), respectively. It can be easily seen that if γ (t) and φ(t) in (3) vary continuously, we can obtain arbitrary continuous polarizations. This is the basic principle to control the polarization P(t) through the amplitude and phase weighting operators [14] . More details can be found in [15] .
Then the MCPoM signal S(t) will be denoted with (4) as
where µ(t) is a unit rectangular function of duration T s .
We can set A = 1 and φ E H (t) = 0 for simplicity, since they are independent to the polarization P(t). Note that the MCPoM modulated signal always has a constant envelope.
In the MCPoM demodulator, the receiving MCPoM signal R(t) is denoted as (6) in which N(t) is zero-mean and complex AWGN with the covariance matrix = σ 2 I 2 (I 2 means unit matrix of dimension 2 × 2). H(t) is the dual-polarized channel matrix of the MCPoM system with
R(t) = H(t)S(t) + N(t),
where the channel element h XY is identified as channel gain between the polarization transmitting antenna A Y and the polarization receiving antenna A X . After obtaining the polarization of R(t) by the phase and amplitude weighting operators, the information carried by the continuous polarizations will be inversely mapped to recover the symbols. We denote the demodulated symbols as α n
considering the errors may be introduced by the wireless depolarization channels.
Generally, the dual-polarized channel matrix is modeled as the Hadamard product of the spatial channel matrix and the polarization channel matrix, in which the spatial correlation properties are totally independent to the polarization matrix [16] . Since the dual-polarized antennas are co-located in the MCPoM system, here we assume that all the channel elements have identical spacial fading. For the case that the dual-polarized antennas are distributedly located can be further investigated through the spatial channel matrix, which is beyond the scope of this paper.
III. THE MODULATION AND DEMODULATION PRINCIPLES OF MCPOM IN THE AWGN CHANNELS
Based on the MCPoM system and its signal flow above, the principles of the MCPoM modulation and demodulation in the AWGN channels will be detailedly investigated in this section. In the MCPoM modulation, it is described that how to map the transmitting symbols to the continuous polarizations and send by the co-located dual-polarized antennas. Then we will propose two MCPoM demodulation methods, the differential demodulation and the suboptimum sequence detection based demodulation, respectively to recover the receiving symbols. The differential demodulation is a noncoherent demodulation method on the basis of our previous work in [11] with more detailed implementation steps. The suboptimum sequence detection based demodulation is a coherent demodulation method on the basis of maximum likelihood sequence estimation to exploit the coherence of the polarizations in each symbol transmission interval, which can further reduce the probability of erroneous decisions comparing with the differential demodulation. It is assumed that the AWGN channels are considered and the dual-polarized channel matrix H(t) is ideal as a unit matrix in this section. The influence of PDL in the depolarization channels will be further studied in Section IV.
A. THE MODULATION PRINCIPLE OF MCPOM
Firstly, the transmitting bits are encoded into the sequence
n=0 with different electrical levels using Gary code. Each symbol α n is mapped from {±1, ±3 . . . , ±(M − 1)} with equal probability 1/M , where M is the modulation order and usually assumed even.
Second, the transmission of α n is accomplished by controlling the rotation of the polarization continuously. According to the vectorial description in (2), the continuous polarization P(t) depends on two parameters γ (t) and φ(t). Here we set φ(t) = 0 as constant without loss of generality and construct γ (t) as a continuous function of α n and t as
with
where σ n accounts for the memory governing the modulation. h is the modulation index, which ensures that α n can modulate the amplitude descriptor γ (t) continuously with maximum change of α n hπ < π/2 radians during each symbol interval. Note that here γ (t) is referred to the amplitude descriptor of the polarization, which is totally different from the phases of the carrier signal φ E H (t) and φ E V (t) we defined in (1) . Hence, the polarization of the carrier signal is affected by one data symbol α n in each symbol interval. It can be easily seen that it always meets γ n+1 (nT s ) = γ n (nT s ), which indicates that the amplitude descriptors of the data symbol α n+1 and α n at t = nT s are equal. The polarization modulated by the symbol α n changes from the final of the former symbol to the end of the current symbol. That is to say, the polarization at t = nT s is continuous. Moreover, we define the polarization difference at the beginning and end of each symbol interval T s , denoted respectively as P (nT s ) and P ((n + 1)T s ), as
where the amplitude descriptor difference γ ∈ (−π/2, +π/2). The polarization difference can be illustrated in the equatorial circle of the Poincare sphere as Fig. 2 . This is a useful graphical aid because the polarizations are with oneto-one correspondence to the points on the Poincare sphere. For example, the horizontal and vertical polarizations H and V are the end points of the diameter HoV in the equatorial circle. The phase difference φ(t) indicates the dihedral angle between the equatorial circle and the HPV circle. Here the continuous polarizations changes on the equatorial circle since we assume φ(t) = 0. Meanwhile, 2 γ ∈ (−π, +π ) describes the angular separation between the polarizations P(nT s ) and P((n + 1)T s ) for arbitrary modulation order M as shown in Fig. 2(a) , if the polarization P(nT s ) starts from the point of the horizontal polarization H without loss of generality. Taking M = 2 for instance in Fig. 2(b) , there are two possible points in red for P((n + 1)T s ) in the equatorial circle along with two sense of rotations. It is clockwise when α n = −1 and anti-clockwise when α n = +1. Similarly, there are four possible points in red for P((n + 1)T s ) along with two sense of rotations for M = 4 in Fig. 2(c) . Therefore, it can be observed that there are M possible points for P((n + 1)T s ) along with two sense of rotations for arbitrary M . In this way, the polarization difference is following the right-hand screw rule in the Poincare sphere. If the point and sense of rotation of P((n + 1)T s ) are determined, the symbol α n will be demodulated. This is the basic idea of our differential demodulation method proposed in Section III B. Finally, the transmitted MCPoM signal with the continuous polarization P(t) can be written as
According to the virtual polarization principle [15] , the two orthogonal components of S(t) are then sent by the co-located dual-polarized antennas and compose an electric vector of the modulated signal in the propagation channel. Here all these operations of the continuous polarization modulation are digital, taking advantage of the co-located dual-polarized antennas A H and A V which have been widely used in the practical cellular communication systems. Note that there are other ways to realize the polarization agility such as designing novel microstrip patch antenna, which may need more hardware support and economic input to be implemented in the current cellular communication systems [17] .
B. THE DIFFERENTIAL DEMODULATION PRINCIPLE OF MCPOM
Instinctively, the receiving MCPoM signal can be demodulated by the polarization difference defined in (10). We have described the basic idea of the differential demodulation method to recover the receiving sequence denoted as α n N −1 0 in our previous work [11] . Here we will give the more detailed implementation steps utilizing the polarization matching factor to determine the polarization difference. That is, the demodulated symbol α n can be decided by the two parameters, the point of P((n + 1)T s ) on the Poincare sphere and the sense of rotation from P(nT s ) to P((n + 1)T s ). The differential demodulation is described detailedly in four steps as follows.
1) Determine the point of P((n + 1)T s ). At the receiver, the co-located dual-polarized antennas A H and A V can completely receive the two orthogonal polarization components of the receiving signal R(t). The actual polarization in any specific symbol interval depends on the previous data symbols. According to the definition of the polarization difference, there are M possible points of P((n + 1)T s ) on the Poincare sphere for the specific P(nT s ). We will determine the point of P((n + 1)T s ) by using the polarization matching factor m p between the receiving signal R(t) and the receiving polarization as
where P r is the receiving polarization controlled by the phase and amplitude weighting operators with φ r and γ r , respectively, and T is the transpose. We have 0 ≤ m p ≤ 1 obviously, which indicates that P r is the same as the polarization of R(t) when m p = 1 and φ(t) = 0. In the AWGN channels, the polarization of R(t) is composed of P(t) and the polarization of the noise N(t). Since the noise N(t) is unpolarized, it has a constant polarization matching factor as 1/2 for arbitrary receiving polarization P r . Hence, only P((n + 1)T s ) can affect the value of m p , and it be determined by changing P r among the M possible polarizations and seeking the maximum m p as
It indicates that the most possible point of P((n + 1)T s ) is the receiving polarization with maximum m p . 2) Decide the sense of rotation. According to the righthand screw rule in the Poincare sphere, we can use the vector cross product of the polarizations P(nT s ) and P((n+1)T s ) determined in step 1) to decide the sense of rotation. Represent the polarization P(t) from the Jones vector to the Stokes vector on the Poincare sphere with a three-dimensional expression as [2]
where g 1 , g 2 , and g 3 are the axes in the Cartesian system O − g 1 g 2 g 3 of the Poincare sphere. Then the vector cross product can be calculated as
Denote the coordinate of G on the g 3 axis as G g 3 , the sense of rotation can be obtained by
3) Calculate the angular separation 2 γ . From the determined polarizations of P(nT s ) and P((n + 1)T s ), the absolute value of the angular separation can be obtained by the three-dimensional expressions as
where | · | is the amplitude. According to the sense of rotation in step 2), we can get that if clockwise then 2 γ < 0, else 2 γ > 0. 4) Demodulate the symbol α n . From the above steps, the point of the polarization P((n + 1)T s ) and the sense of rotations are both determined. Put the value of 2 γ obtained in step 3) into (10), we can demodulate the nth symbol as α n . It would be exactly α n if no error introduced. The proposed differential demodulation method uses the polarization difference at the beginning and the end of each symbol interval to determine the transmitting sequence. Although the differential demodulation can be simply implemented according to the four steps above, the demodulation performance would be limited since the coherence of the polarizations is neglected.
C. THE SUBOPTIMUM SEQUENCE DETECTION BASED DEMODULATION PRINCIPLE OF MCPOM
Since the polarizations are continuous, the MCPoM signal has memory and there is coherence between the continuous symbol intervals [18] . We can observe the receiving MCPoM signal to find a most coherent sequence to determine the transmitting sequence in the MCPoM modulator according to the maximum likelihood sequence estimation. We will propose a suboptimum sequence detection based demodulation method to make a demodulation decision with reduced error probability, comparing with the proposed differential demodulation method above.
In the AWGN channels where H(t) is assumed to be a unit matrix, the receiving MCPoM signal R(t) in (6) becomes a complex Gaussian process. For the transmitting sequence
, 0 ≤ n ≤ N − 1, our basic idea is to choose a finite long sequence {α * n } N −1 0 to maximize the conditional probability
as the estimation of {α n }
, which is on the basis of Bayes formula. If the transmitting sequence {α n } N −1 0 is equiprobable, we can define the natural log likelihood function for arbitrary n as , it is equivalent to maximize the conditional probability P {α * n }|R(t) . Note that when n → ∞ it is called as maximum likelihood sequence estimation. Here we use the limit sequence length d, d ≤ N to obtain a suboptimum sequence detection instead [18] . The length d is directly related to the complexity of the demodulation, where large d will lead to high complexity and reduce decision errors.
For a specific M , as we illustrated in Fig. 2 , each polarization P (nT s ) has M possible polarization points for P ((n + 1)T s ), and there are 4M possible polarization points in total in the equatorial circle. We can show the polarization trajectories in Fig. 3 . We can see that for M = 2 there are 8 possible polarization points. Each arrow during one symbol interval is called as a branch, the branches connected from T s to nT s compose a path, and the length of each path to make a demodulation decision is limited to d. Then we can use d [R(t)] as a metric to find the most likely path as a survivor path and estimate the transmitting sequence. The proposed suboptimum sequence detection based demodulation of MCPoM can be described as follows.
1) Calculate the metric of each branch at nT s . For a specific polarization point at (n − 1)T s as shown in Fig. 3 , there will be M branches connected to the points at nT s . For the natural log likelihood function n [R(t)], we have
where the metric of each branch at nT s is denoted as
we can calculate the metric of each branch as
in whichÎ 1) T s intervals before. In the AWGN channels, the modulation and demodulation principles of MCPoM has been studied in this section above. The continuous polarizations are used to carry the information and recovered in the demodulator. We will study further the MCPoM performance in the depolarization channels in Section IV.
IV. POLARIZATION PRE-COMPENSATION ALGORITHM FOR MCPOM IN THE DEPOLARIZATION CHANNELS WITH PDL
On the basis of the MCPoM modulation and demodulation principles, the MCPoM performance in the practical dualpolarized channels with depolarization will be studied in this section. The depolarization effect of PDL describes the power coupling phenomenon of the two polarization components. When PDL acts on MCPoM, the MCPoM performance will be deteriorated. In the following, the influence of PDL on the MCPoM performance in the dual-polarized channels will be detailedly investigated with power attenuation and polarization difference distortion. Then the polarization precompensation algorithm for MCPoM will be proposed to mitigate the PDL effect.
A. THE INFLUENCE OF PDL ON MCPOM
The PDL effect can be quantized by the eigenvalue ratio of the dual-polarized channel matrix in (7) . By the singular value decomposition, the dual-polarized channel matrix can be decomposed as
where U and V are unitary matrixes, and is a diagonal matrix. For the slowly varying channels, λ 1 and λ 2 with λ 1 ≥ λ 2 > 0 are respectively the maximum and minimum eigenvalues of the channel correlation matrix C =
H(t)[H(t)] H , in which [·]
H is the Hermite transpose. λ 1 and λ 2 can be obtained from C as
where TrC and DetC are the trace and the determinant of the matrix C, respectively. Then the PDL effect is identified by the eigenvalue ratio as [8] PDL = 10 log 10 λ 1 λ 2 ,
where PDL is relative to the eigenvalues of the channel correlation matrix C. The PDL effect shows the power impairment nature of the dual-polarized channels, with which the polarization components will suffer different path gains. Put (5) and (24) into (6), the receiving MCPoM signal in the nth symbol interval becomes
. (27) It shows that the two polarization components of the receiving MCPoM signal R(t) will respectively suffer different attenuation because of PDL. We will analyze how the decomposed channel matrixes U, V, and influence the MCPoM signal in the following. The unitary matrixes U and V will rotate the MCPoM constellation rigidly in the Poincare sphere [5] . The polarization difference in each symbol interval is not changed by U and V, since the relative location between P(nT s ) and P((n + 1)T s ) is steady and the angular separation 2 γ keeps constant correspondingly. That is, the carried information of the MCPoM signal is not affected by the matrixes U and V.
However, the diagonal matrix will affect the receiving MCPoM signal with two influences of power attenuation and polarization difference distortion.
1) POWER ATTENUATION

Assume that
is normalized, then the amplitude ratio tan γ (t) will be reduced to λ 2 λ 1 tan γ (t), and the power of the receiving MCPoM signal will decay from 1 to
In this way, the power attenuation occurs for the receiving MCPoM signal, of which the polarization points shrink towards the center of the Poincare sphere actually.
2) POLARIZATION DIFFERENCE DISTORTION
Meanwhile, as for the polarization difference, the amplitude descriptor difference γ in (10) is distorted by the PDL effect as
The amplitude descriptor difference γ is shown in Fig. 4 when PDL varies from 0dB to 20dB for the different modulation order M and symbol α. We can see that the curves for the positive α and the negative ones are symmetrical about the horizontal axis when γ = 0. When PDL = 0dB, the amplitude descriptor difference γ without the PDL effect is shown. γ decreases as the increasing PDL for the positive cases of α = +1, +3 with respective M = 2, 4. The larger PDL, the more γ declines. Therefore, the polarization difference of MCPoM is distorted, and the information conveyed is affected by the diagonal matrix . Through above analysis, the PDL effect causes two influences of the power attenuation and polarization difference distortion to the receiving MCPoM signal, which is mainly introduced by the diagonal matrix . These influences will degrade the demodulation performance of the receiving MCPoM signal and cause high symbol error rate (SER) and descendant spectrum efficiency. When the channel state information (CSI) can be estimated, for example using the pilot signal or the channel reciprocity in TDD systems [10] , the PDL effect can be compensated with CSI to improve the MCPoM performance in the practical dual-polarized depolarization channels.
B. THE POLARIZATION PRE-COMPENSATION ALGORITHM AGAINST PDL FOR MCPOM
To mitigate the influence of PDL on MCPoM, we propose a polarization pre-compensation algorithm for MCPoM at the transmitter. The basic idea here is to compensate the polarization for the MCPoM signal according to the value of PDL, which is contained in CSI. The MCPoM modulator with polarization pre-compensation is given in Fig. 5 . It shows that the polarization is compensated after the continuous polarization mapper at the transmitter with the assistance of VOLUME 6, 2018 CSI, which can be obtained by the channel reciprocity or the feedback from the receiver.
We build a pre-compensation matrix for the MCPoM signal in each symbol interval as
where ε 1 ≤ ε ≤ λ 1 λ 2 is identified as the pre-compensation factor. The basic idea of our proposed polarization precompensation algorithm is to adjust the per-compensation factor ε according to the value of PDL. Then the receiving MCPoM signal in the nth symbol interval with pre-compensation can be denoted as
where the unitary matrixes U and V are ignored based on the above analysis of the PDL influences. Thus, with the pre-compensation matrix the power of the receiving MCPoM signal will change from ρ (t) in (28) to
and the amplitude descriptor difference γ in (29) becomes
For ε = λ 1 λ 2 with perfect CSI, we have γ = γ . It is obviously that the influence of PDL on the amplitude descriptor difference will disappear completely. Although the power of the receiving MCPoM signal is still attenuated by λ 1 , note that the power attenuation can be handled by higher transmit power with power control strategies or higher antenna gains. Hence, the influences of PDL on the MCPoM signal can be mitigated. For imperfect CSI or varying PDL, the pre-compensation factor ε can be adapted dynamically which will be further studied in our future work.
V. PERFORMANCE ANALYSIS
With the PDL effect, the constellation structure of MCPoM is distorted and eventually leads to performance deterioration. In this section, from the perspective of the MCPoM performance under the influence of PDL, the SER and spectral efficiency performances of the MCPoM signal will be analyzed in details.
A. ANALYSIS OF SER
According to the modulation principle of the MCPoM signal in section III-A, the possible polarization points in each symbol interval are the vertices of a inscribed M-polygon in the Poincare sphere when the phase difference φ = 0 as we assumed before. This is the same demodulation situation as the abrupt polarization modulation with order M , which has been detailed investigated in [1] . The differential demodulation method we proposed in section III-B has the advantage of easy implementation. However, it is a noncoherent demodulation and depends on the accuracy of two polarizations at the beginning and the end of each symbol interval. Therefore, the SER of MCPoM in the proposed demodulation will be degraded comparing with the abrupt polarization modulation with same M , transmit power, and noise condition, respectively. On the contrary, the proposed suboptimum sequence detection based demodulation exploits the coherence of the polarizations, which outperforms the abrupt polarization modulation and is also shown in the simulations of Section VI B.
As for the SER of the proposed differential demodulation, here we refer the results in [1] to analyze. For the first step of the proposed differential demodulation to determine the point of P((n + 1)T s ), the error probability is calculated as
where θ ∈ [0, π] is the angle between the ideal unnoisy polarization and the actually received polarization at the end of each symbol interval in the Poincare sphere. f (θ ) is the marginal probability distribution function of θ as
For the following demodulation steps of the differential demodulation, the error probability of P(nT s ) needs to be considered. When both points of P((n + 1)T s ) and P(nT s ) are correct, the proposed demodulation will be correct correspondingly. Hence we can give the upper bound of the error probability of the proposed differential demodulation as
As for the SER of the suboptimum sequence detection based demodulation, the upper bound by using the union bound [18] is
where Q(·) is the Q function, and D ({α k } , {α l }) is Euclidean distance between the sequences {α k } and {α l }. For large SNR, the SER of the suboptimum sequence detection based demodulation can be approximated [18] as
where 0 is a positive constant and
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The length d, used in the suboptimum sequence detection based demodulation, affects directly the complexity and the accuracy of the MCPoM demodulation. Note that (34) is valid for φ = 0 for the differential demodulation of MCPoM. We can extend to the case of different φ further with the results in [1] . Moreover, under the influences of PDL, the signal power A 2 = 1 is attenuated to ρ in (34), and the integral floor is changed since the polarization difference distortion. For the SER of the suboptimum sequence detection based demodulation in (37), the SNR effected by PDL and the sequence length d are main parameters. Therefore, PDL will seriously affect the SER performance and eventually lead to the reduced data rate. With the assistance of the proposed polarization precompensation algorithm in section IV, the influences of PDL will be mitigated effectively.
B. ANALYSIS OF SPECTRAL EFFICIENCY
The spectral efficiency of the MCPoM signal is usually defined by the bit rate and the bandwidth of the IF filter, which can be expressed by
where R b is the bit rate and W is the bandwidth of the IF filter. W can be determined by a specific proportion of the receiving signal power in the IF filter, which is generally given as
where denotes the proportion of the whole signal power within the bandwidth W . G(f ) is the vectorial power spectral density (PSD) of the receiving MCPoM signal in the two IF channels and can be calculated as [6] 
with 
where H 1 and H 2 indicate the elements of the dual-polarized channel matrix H. Note that the PSD G(f ) is changed slightly by H, hence the spectral efficiency η is not effected by PDL since it is independent of H [6] . Moreover, the MCPoM signal has a narrower main lobe in comparison with the non-continuous polarization modulation signals, suggesting the MCPoM signal has a more concentrated PSD. It turns out that the MCPoM signal has higher spectral efficiency [6] . The simulation will be given in section VI.
VI. SIMULATION RESULTS
In this section, the PSD and high spectral efficiency of MCPoM in comparison with the non-continuous polarization modulation signals will be illustrated first. Afterward, the SER with the effect of PDL and the polarization precompensation algorithm are evaluated, respectively. Here we set that the bit rate R b is equal to 1kb/s.
A. SIMULATION OF SPECTRAL EFFICIENCY
The PSD curves of MCPoM and the non-continuous polarization modulation named as POLSK with different M and the normalized bandwidth W /R b are depicted in Fig. 6 . It can be shown in Fig. 6 (a) that the width of the main lobe are respectively
The higher is the modulation order M , the narrower is the main lobe of the PSD and faster attenuation of the side lobe. The reason is that with the increasing M , the symbol time T s will last longer and lead to the narrow main lobe and the fast attenuation side lobe. Moreover, comparing with POLSK with the same M in Fig. 6 In Fig. 7 , the proportion of the whole signal power within the bandwidth with the normalized bandwidth W /R b is described for M = 2. Values of interest are generally at = 99% and = 99.9%. We can see that, when = 99%, 2CPoM needs much less bandwidth than 2POLSK. It turns out that the spectral efficiency η = 1.11 for 2CPoM, while 2POLSK is only 0.05. Even for = 99.9%, we get η = 0.71 for 2CPoM. With the same bit rate R b = 1kb/s as we assumed, The results reveal that MCPoM can obviously improve the spectral efficiency against POLSK.
B. SIMULATION OF SER
In this section we evaluate the SER performances of the two proposed differential demodulation and the suboptimum sequence detection based demodulation methods in Section III B and C, which are respectively short as DD and SSDD in the following simulation figures. They are compared with the traditional POLSK modulation in three scenarios, first the AWGN channels, second the depolarization channels with PDL, and third with our proposed polarization precompensation algorithm. We set d = 10 for the SSDD method in the following.
The SER performance for the proposed DD and SSDD demodulation methods and POLSK in the AWGN channels is shown in Fig. 8 with different SNR when M = 2, 4, 8, respectively. It is obviously shown that SER of the SSDD method outperforms the DD and POLSK methods, since it utilizes the coherence of the polarizations. Meanwhile, the SER performance is decreased with the increasing M for each demodulation method. For SNR = 10 −3 , the required SNR for SSDD is −2dB, 1dB, and 5dB when M = 2, 4, 8, respectively. SER of the DD method is close to POLSK for M = 2, however, with the increasing M it degrades faster than POLSK. They both have worse SER than the proposed SSDD demodulation method for each M .
The SER performance for the proposed DD and SSDD demodulation methods and POLSK is shown in Fig. 9 with different PDL when M = 2, 4, 8 and SNR = 5dB, respectively. It is shown that the SER performance is decreased with the increasing PDL for each demodulation method with each M . It implies that the larger PDL, the worse the channel condition and the more influences of PDL on the modulated signals, which is consistent the results that the influence of PDL on the amplitude descriptor difference declines as PDL increasing in Fig. 4 . The proposed SSDD method is the most tolerant of PDL comparing to the proposed DD method and the POLSK method. The modulation order M can also affect the SER performance. The smaller M shows lower SER for each demodulation method. For example, when M = 2 all the three demodulation methods obtain the lowest SER against M > 2. The SER performance of the proposed SSDD is 49.57% and 57.98% lower than POLSK and DD when M = 2 and PDL = 5dB. In order to achieve the required SER for different PDL in practical, SNR and modulation order M should be adapted to the varying PDL.
The SER performance for the proposed DD and SSDD demodulation methods and POLSK is shown in Fig. 10 with different SNR when M = 2, 4, 8 and PDL = 5dB, respectively. For M = 2, the SER performance of the SSDD method still outperforms the others for each SNR. For larger M = 4, 8, the SER performance of the proposed DD and SSDD methods are shown more sensitive to the PDL effect than POLSK especially when SNR > 10dB, where the demodulation are affected by the influences of power attenuation and polarization difference distortion severely. Still however, the SSDD method performs better than the DD method as shown. Even if for POLSK which is not so sensitive to the PDL effect as the proposed methods, the SER performance is degraded comparing with that in the AWGN channels without PDL in Fig. 8 . Therefore, it is demonstrated that the influences of PDL effect should be mitigated effectively to guarantee the MCPoM demodulation performance.
To resist the influence of PDL, the SER performance of MCPoM are compared further with the proposed polarization pre-compensation algorithm for M = 2, 4, 8 with the SSDD demodulation method in Fig. 11 , where SER in the AWGN channels and in the depolarization channels with PDL = 5dB are contrasted. With the proposed polarization precompensation algorithm, short for PPC in the figure, the SER performance is approaching SER in the AWGN channels and far better than SER in the depolarization channels with PDL. Note that here the SSDD demodulation method is used, the similar observations are held for the proposed DD method and the POLSK demodulation. Using M = 2 as an example, when SNR = −5dB the SER is 1.62 × 10 −2 , 0.35, and 1.92×10 −2 respectively in the AWGN channels, in the depolarization channels with PDL, and with our proposed polarization pre-compensation algorithm. It can be shown that the proposed polarization pre-compensation algorithm improves the SER performance significantly when PDL exists in the depolarization channels. However, the proposed polarization pre-compensation algorithm may introduce the problem of noise amplification and channel estimation error of PDL while enhance the reception of the MCPoM signal, so the SER performance is approach to but worse than SER in the AWGN channels. The similar results are shown for the cases of M = 4 and M = 8. In a word, the simulation analysis shows that after the proposed polarization pre-compensation algorithm, the SER performance of MCPoM is improved compared with SER in the depolarization channels with PDL.
VII. CONCLUSIONS
In this paper, we have investigated the MCPoM scheme to achieve high spectral efficiency and meanwhile resist PDL to improve the SER performance in the wireless depolarization channels. Based on the MCPoM system model using the continuous polarizations we constructed, the principle of the MCPoM modulation in the AWGN channels is stated with the continuous polarizations mapping. Then two proposed demodulation methods, the differential demodulation and the suboptimum sequence detection based demodulation, are given in more implementation details. Furthermore, to evaluate the MCPoM performance in the practical depolarization channels, we analyze the influence of PDL on MCPoM detailedly with power attenuation and polarization difference distortion. Then propose a polarization pre-compensation algorithm for MCPoM to mitigate the influence of PDL and enhance the SER performance of MCPoM in the practical depolarization channels. The performances of SER and spectral efficiency are evaluated before and after the proposed polarization pre-compensation algorithm. Simulations results demonstrate that higher spectral efficiency and enhanced SER performance of the MCPoM scheme are guaranteed in the depolarization channels with PDL.
